In this paper, we investigate the variation of band gap width in a ternary 1D photonic crystal with a left--handed layer versus variation of thicknesses and refractive index of second layers. We study these variations in two states, normal and oblique incidents for both TE and TM polarizations. We observe that the variations of band gap width versus thickness of layers are sensitive to the refractive index of second layers. For oblique incident both of variations are shifted towards the large/small frequencies by increasing the incident angles in TE/TM polarization, respectively.
Introduction
Photonic crystals (PCs) are structures with modulation of the refractive index and they have received much attention for their interest applications [1, 2] . PCs have many interesting applications such as omnidirectional reector [3] , lters, optical switches, light-emitting diodes [4] , bers [5] , waveguides [6] etc. When the light wave is incident on PCs, they face with number of dielectric layers with dierent dielectric constants [7] . These dierences between each two adjacent layers cause reectance and transmittance from their interface and the interface between the reected and transmitted light wave appears in form of photonic band gaps. These band gaps are in the range of frequency that the electromagnetic waves cannot propagate in them [8, 9] .
Left-handed materials (LHM) are articial structures with simultaneously negative permittivity ε and negative permeability µ [1012]. When an electromagnetic wave propagates through these structures, the direction of the Poynting vector is opposite to the wave vector k [9] . Here we study the variation of a ternary 1D PC with a left--handed layer versus the thicknesses and refractive index of layers in normal and oblique incidents.
Theory
Consider a monochromatic wave incident on a ternary 1D PC as we have shown in Fig. 1 . Each unit cell consists of 3 layers n 1 > 0, n 2 < 0, and n 3 > 0. Assume that x−z is the incident plane and z is the periodic axis, so the refractive index in the unit cells varies as follows: The electric eld in each layer of unit cell can be written as
2) In these relations A 1 , C 1 , and E 1 are the amplitudes of the incident wave and B 1 , D 1 , and F 1 are the amplitudes of the reective wave in rst, second, and third layer, respectively.
is the wave number along x axis.
are refractive indices of rst and third layers and n 2 = − √ ε 2 µ 2 is refractive index of the second layer. ε i and µ i are the permittivity and permeability of each layer, respectively. Using the continuity conditions, we can obtain the transfer matrix of each layer of unit cell as [9] :
, and δ 3 = k3µ1 k1µ3 for TE polarization. For TM polarization these relations are as the same but we just replace ε with µ. ϕ j = k j d j is the phase of each medium.
The transfer matrix of unit cell is given by [13] :
(2.4) If all unit cells were identical and by assuming the system is lossless, the total transfer matrix is
(2.5) Using the Bloch theorem [8, 14] and transfer matrix we can obtain the dispersion relation as
Regimes in which |(1/2)(M 0 (1, 1) + M 0 (2, 2))| < 1, are related to the propagating Bloch waves, when 
Variation of BGW by changing the thickness of layers
In this section, we plot the variation of the rst and second BGW by changing the thickness of second and third layer at dierent refractive index of second layer [15] . The wall between these layers are moved such that d 2 + d 3 = const (Fig. 2) . As we observe from Fig. 3 , these variations are sensitive to the refractive index of second layer and by changing its own magnitude they are shifted towards the larger Fig. 3 . The variation of (a) the rst, (b) the second BGW versus the thickness of the second layer at dierent refractive index for the structure with left-handed layer.
BGWs. In addition, variations trends of all mentioned refractive indices are the same except for n 2 = −2.
Variations of BGW by changing the refractive index of left-handed layer
In this section, we consider the structure with characteristics of n 1 = 1, n 2 = −2 to −3, n 3 = 3.5, µ 1 = µ 3 = 1, µ 2 = −1, θ 0 = 0 and N = 10. Then, we plot the variation of rst and second BGW versus the refractive index of second layer in Fig. 4 . Fig. 4 . Variation of (a) the rst, (b) the second band gap in the structure with left-handed layer for dierent thickness of layers.
From Fig. 4 , we conclude that the variations of BGW with dierent thickness of layers are completely compatible and overlap on each other.
Variations of BGW by changing the refractive index of second layer at dierent incident angles
We show the variation of BGW for the structure with
6 µm, N = 10 and for incident angles 0, 30, 45, 60, and 70 degrees for TE polarization in Fig. 5a and TM polarization in Fig. 5b . As shown in Fig. 5a , the BGWs are shifted towards large magnitudes as the incident angles are increased. These variations are more sensitive around more negative refractive indices. For Fig. 5b these variations are more complex but the trend of them is getting decreased as the angle of the incidence is increased. As shown in Fig. 6a , all the diagrams have a maximum that goes up as the incident angle is increased and all of them have approximately the same trend. For TM polarization, the variation trend is dierent for θ = 0 but it is the same for other angles. In this case the maximum of the diagrams goes up as the angle is increased as well.
Conclusion
By using the transfer matrix method, we could obtain the variation of the BGW versus refractive index and thicknesses of layers. We studied these variations in two states, normal and oblique incidents. According to our observation, these variations are sensitive to the refractive index of second layer and they are shifted towards the larger BGWs as refractive index of second layer changed. In addition, variations trends of all mentioned refractive indices are the same except for n 2 = −2, while these variations versus the refractive index of second layer are completely compatible and overlap on each other at different thicknesses. For the oblique incident in the case of TE polarization, the variations versus the refractive index of second layer of the BGWs are shifted towards large magnitudes as the incident angles are increased. These variations are sensitive around more negative refractive indices. For TM polarization the variations versus refractive index are more complex but the trend of them is getting decreased as the incident angles increased. When we plot the variations of BGW versus the dierent thickness of second layer we noticed that all the diagrams have a maximum that goes up as the incident angle increased.
